Together, the isotope and nutrient data suggest that eutrophication by riverine nitrogen is pronounced in the coastal rim of the Baltic Sea, and that coastal sediments appear to be very efficient in removing riverborne nitrogen by denitrification. A nitrogen isotope mass balance model suggests that N loss by sediment denitrification and N input by N fixation can be as high as 855 ktons N yr À1 .
Introduction
[2] Human activities have altered the nitrogen cycle on global and regional scales [Galloway et al., 1995; Howarth et al., 1996] . A well-studied example for the effects of anthropogenic eutrophication is the Baltic Sea [Elmgren, 2001] , with a watershed of 1.6 Â 10 6 km 2 populated by 85 million inhabitants who caused a tripling of nutrient loads in the 1970s [Nausch et al., 1999] . Agricultural practices lead to direct and diffuse nutrient inputs into river systems and constitute the largest nutrient source for the Baltic Sea. Estimates of total N loads by rivers vary between 265 and 979 ktons N yr
À1
, with a best estimate of 830 ktons N yr À1 [Grimvall and Stalnacke, 2001] . Of the major rivers, the Oder, Vistula, and Daugava alone discharge one third of the nitrogen [Grimvall and Stalnacke, 2001] , and hence the greatest riverine N input (500-600 ktons N yr À1 ) occurs along the southern and southeastern coastline of the Baltic Sea. Bordering that coastal strip are two deep basins of the Baltic Proper (BP), the Bornholm and the Gotland basins ( Figure 1 ). The Gulf of Bothnia, a northern sub-basin, receives much less nitrogen (<100 ktons N yr À1 ) because its watershed is almost pristine with a population density of only 0 -1 person km À2 as compared to >40 people in the southern drainage area (http://maps.grida.no/baltic). Other major nitrogen sources of the Baltic Sea are atmospheric deposition, estimated at 185 ktons N in 1997 [HELCOM, 1997] , and nitrogen fixation, estimated at between 370 ktons N yr À1 [Wasmund et al., 2001b] , and 926 ktons N yr À1 [Schneider et al., 2003] .
[3] Of these three major nitrogen sources, the river input has been held primarily responsible for the observed longterm DIN increase in the BP Nehring and Nausch, 2003] . The characterization of DIN sources to estuaries, the coastal strip, and the Baltic Proper is needed for the management of DIN input. Here we make a first attempt at such characterization using stable nitrogen isotope signatures in sediments, water column particulate nitrogen (PN), and the nitrate in river water. We use these results to calculate mass and isotope budgets for the region.
[4] Stable nitrogen isotope ratios have been used as indicators of nitrogen input sources in several studies, because they are characteristic for different DIN origins. Historical background values for d 15 N of marine DIN may be as low as 4% or even less [Brandes and Devol, 2002] . This was the pre-industrial ratio in the Baltic Sea as determined from dated sediment cores from both the Baltic Proper and coastal sedimentation areas Voss et al., 2000] .
[5] Enriched d 15 N values indicate sewage input [McClelland et al., 1997] and/or enrichment of residual nitrate from mineral fertilizers in agricultural runoff [Costanzo et al., 2000] . The signal is not only found in nitrate, but also in macroalgae that take up the riverborne nitrogen [Costanzo et al., 2000] , in herbivores [McClelland and Valiela, 1998a] , and in coastal sediments [Emeis et al., 2002; Voss and Struck, 1997] . Dinitrogen fixation by cyanobacteria, on the other hand, delivers isotopically depleted nitrogen to the system [Carpenter et al., 1997] and is a major PN-source for Baltic Proper sediments [Struck et al., , 2004 .
[6] Atmospherically deposited nitrogen is known to have variable stable nitrogen isotopic composition over the season depending on whether its major sources are fossil fuel combustion or agricultural activities [Yeatman et al., 2001] . The regional isotopic signature of atmospheric N deposition in the Baltic Sea has not yet been determined, but may be assumed similar to other regions in Europe [Freyer, 1991] .
[7] Our analytical data are compiled into a map of stable nitrogen isotope ratios in surface sediments of the Baltic Sea. The data show a wide range of d 15 N values and outline the dominant sources of N. We then focus on N sources for the largest Baltic Sea province, the Baltic Proper (BP), and demonstrate that the area cannot be treated uniformly in terms of nitrogen inputs and losses. We corroborate our findings with recent data for the d 15 N signatures of river nitrate, nitrate from coastal waters in the Bay of Gdansk, nitrogen deposited from the atmosphere, and dinitrogen fixed by cyanobacteria. We calculate several isotope budgets assuming varying contributions from each source. Because the results differ from previously published N budgets, we further performed a statistical analysis of long-term nitrate and phosphate concentrations on a dense station grid in the BP. A model analysis of the enthalpy and stream functions of a Baltic Sea circulation model [Neumann, 2000] is then used to seek oceanographic patterns that govern the differences between the coastal and open Baltic Sea environment. As a result of those analyses, we establish a differentiated view of the longterm Baltic Sea eutrophication process and show how the nitrogen inputs, even after considerable processing, leave a characteristic isotope signature in the sediments.
Material and Methods
[8] Sediment cores and surface sediment samples were taken at 353 locations in the Baltic Sea in 1993-2003 (station locations, Figure 2 ) with different coring devices: In the Gulf of Riga, Bothnian Bay, and Bothnian Gulf, Curonian Lagoon, and Gulf of Finland we used a gravity corer with an inner diameter of 60 mm, and a Gemini twin corer (Ø 80 mm). In the Oder Lagoon, Pomeranian Bay, Bornholm Basin, and Gotland Basin, samples were taken with a multicorer (diameter 100 mm). Visual inspection of the cores indicated that the sediment surface was relatively intact. Sediments were sliced in 1-or 2-cm layers on board and frozen. For the work reported here, only the surface layer was analyzed. In the laboratory, sediments were freeze-dried, homogenized, and stored dry. Samples for total nitrogen, organic carbon, and isotopic (d 15 N, d
13 C) measurements of the total sediment (in a few cases the <63-mm organic rich sediment fraction) were dried at 60°C overnight, weighed into tin cups, and pressed into pellets. Acidification of sediments with HCl was only done for the d 13 C analysis.
[9] River water samples taken biweekly (Vistula and Oder rivers) or monthly (Kemijoki) were filtered immediately through precombusted GFF filters, and preserved with HCl (pH of 1 -2). The filters were immediately dried and later analyzed for particulate nitrogen and organic carbon (PN, Figure 1 . Map of the Baltic Sea. The insert shows the location of the Baltic Sea in northern Europe. The dashed lines along the coast mark the borders of the coastal strip as defined by our d 15 N data. The locations of the river mouths mentioned in the text are given by triangles. The Baltic Proper comprises the central Baltic Sea and coastal rim including the Arkona, Bornholm, and Gotland basins (shaded circles).
POC) and d
15 N analysis. Atmospheric deposition was sampled over an annual cycle in monthly resolution at Majstre located on the southern tip of the island of Gotland (C. Rolff, unpublished data, 2004) . Total deposited nitrogen and d 15 N were measured from subsamples that were dried down onto GFF filters. Samples for NO 3 and PN analysis from the open Bay of Gdansk were collected using a CTD rosette system with attached water bottles from 8 to 11 March 2001 on a cruise of the R/V Professor A. Penck (Figure 1 ). Sampling occurred during a period in which the Vistula river had high outflow rates (March 2001 of 1300 m 3 s À1 ), but the salinities in the open Bay were 7.3-7.5psu and thus typical for the Baltic Proper (Gotland Deep, 7.41 ± 0.46 [HELCOM, 2002] ). The river plume propagated eastward along the shore. Nutrient concentrations were analyzed according to Grasshoff et al. [1983] and Rhode and Nehring [1979] . The water was filtered through precombusted GFF filters, the filters were frozen at À20°C, and the filtrate was preserved with concentrated HCl.
[10] Nitrate from river and seawater samples was isolated for isotopic measurements using the diffusion method of Sigman et al. [1997] . Varying amounts of river water containing 3 -8 mmol NO 3 were used. Samples were preincubated at 65°C for 5 days in the presence of MgO to raise the pH above 9.7 to remove traces of ammonia. The volume was reduced by boiling the sample down to 40-50 mL, and the sample was sealed after addition of Devarda's alloy and a ''diffusion packet'' consisting of an acidified filter (precombusted GFD 10 mm diameter) sandwiched between two Teflon membranes with a 10-mm pore size. Samples were then incubated for 5 days at 65°C and for 5 additional days on a shaker table (60 rpm) in a water bath at 40°C. From the Bay of Gdansk, 1 L of filtrate was used because concentrations were as low as 3-4 mMol. This volume was reduced to approximately 200 mL; after that the incubation followed the procedure described above. After a total incubation time of 15 to 18 days, the diffusion packets were removed, rinsed, and dried in a desiccator for 2 days, after which each GFD was packed into a silver capsule and pelletized for continuous flow isotope ratio mass spectrometry. Analyses of GFF and GFD filters and sediments were made on a CE 1108 elemental analyzer (Thermofinnigan) connected to a mass spectrometer (Finnigan Delta S) via a split interface (Conflow II). Reference gases were taken from cylinders with ultra high purity N 2 and CO 2 that were calibrated against standards from the International Atomic Energy Agency (IAEA). The ratios were calculated according to the formula
with R = 15 N/ 14 N, or 13 C/ 12 C of the sample and the standard, respectively. Measurements of an internal standard (a protein solution, peptone, Merck) were made after every fifth sample, and a standard deviation for the isotope analysis of <0.2% was calculated. Two standards and two blanks were run with every batch of 20 samples for the nitrate analysis. The standard deviation was <0.5%.
[11] The nutrient monitoring stations in the BP (Figures 3 and 4) are routinely sampled 4 times a year. Nutrients are analyzed as above. The data from 1969 through 2001 were analyzed for trends by means of an empirical orthogonal function (EOF) analysis after Preisendörfer [1998] to evaluate changing nutrient concentrations in the Baltic Proper over the last 3 decades. Consider a monitoring parameter which is a function of space and time,L(s,t) with {s = 1,. . .,S; t = 1,. . .,T}, where S is the number of monitoring stations and T is the number of observations. From this parameter, anomaliesL 0 (s,t) are constructed by subtracting the seasonal cycle. This function is expanded into a finite series of EOFs,L
whereÃ i (s) is the ith EOF pattern fixed in space and l i (t) are the corresponding time coefficients. The EOFs are the eigenvectors of the covariance matrix ofL 0 (s,t). A special property of EOFs is that the variance Var[L 0 (r,t) À Ã i (r)l i (t)] is a minimum for i = 1, while for i > 1 it is always a minimum under the constraint that hÃ i (r),Ã j (r)i = d ij ; that is, the EOF patterns are orthogonal to each other. The expansion can be interpreted as decomposition into a signal and a noise subspace. The signal subspace is spanned by the leading K EOF patterns and describes the main portion of the structure ofL 0 (s,t) which occurs simultaneously at all monitoring stations. The noise subspace describes a minor part of the structure, generally station details. Since K ( S, the major part of the dominant structure from a multidimensional vector is concentrated in a few new dimensions, the leading eigenmodes. The advantage, besides the noise reduction, is to keep the dimensionality low. The amount of variance accounted for by the leading eigenmodes is given by
The circulation model of the Baltic Sea is described in detail by Neumann [2000] . Briefly, it is based on the MOM 2 code [Pacanowski et al., 1990] , which includes an explicit free surface, an open boundary condition to the North Sea, and riverine freshwater input. A thermodynamic ice model simulates the ice cover. The model topography is adapted to the bathymetry data set for the whole Baltic Sea compiled by Seifert and Kayser [1995] . The model is driven by meteorological data from the ERA 15 project (http:// wms.ecmwf.int/research/era/Era-15.html), and by data sets for river runoff, nutrient loads, and atmospheric nutrient deposition provided by the ''Baltic Sea Environmental Database (BEDS)'' of the University of Stockholm (http:// data.ecology.su.se/Models/bed.htm). The initial distributions of temperature and salinity fields are taken from climatological data . The model is integrated over 11 years to evaluate ecological changes with respect to nutrient reduction scenarios [Neumann et al., 2002] . Here the resulting temperature and velocity fields are used to construct monthly mean fields of enthalpy h and stream function Ψ to visualize the major hydrological settings. Enthalpy or the heat content in the water column is defined as
where r is the density of seawater, c p is the specific heat, T is the temperature, h is the water depth, and z is the free surface elevation. The stream function is defined as
where V is the vertically integrated north-south component of the velocity field. Seasonal means of enthalpy and stream function are also decomposed into EOFs.
[12] The isotope budget was constructed after Brandes and Devol [2002] , and the weighted input d 15 N are calculated by means from the following data sources: River nitrate and PN input are taken from the third pollution load compilation and the database of the SIGNAL project (Table 1) , atmospheric nitrogen deposition from HELCOM [1997] , and the annual nitrogen fixation from Wasmund et al. [2001b] (370 ktons yr À1 , Table 2 ). The inflowing nitrogen load through the Kattegat and Belt Sea into the BP is taken from the 11-year model run described above. The respective stable nitrogen isotope data for the rivers (M. Voss and M Pastuszak, unpublished values, 2003) and atmospheric deposition at southern Gotland (Majstr, C. Rolff, unpublished data, 2004) À1 in the Gotland Sea is calculated from published carbon burial rates converted to N assuming a C:N of 10 . Few rate measurements of denitrification in the sediments [Tuominen et al., 1998 ] and the water column Rheinheimer, 1991, 1992] of the Baltic Sea have been published. Extrapolations to larger areas have only been done with models [Shaffer and Rönner, 1984] , resulting in an estimated 470 ktons N yr À1 , 90% within sediments and 10% within suboxic water columns. À of 8.4 ± 1.7% (8.7 ± 3.2% in PN) and 10.0 ± 2.3% (8.9 ± 1.9% in PN, Table 1 ), respectively. The Kemijoki River, which drains an almost pristine area, has 0.6 ± 1.1% (2.9 ± 2.1% in PN). The weighted mean d 15 N value for total N of the atmospheric deposition at Majstre was 3.5 ± 4.5% (C. Rolff, unpublished data, 2004) . This is in the range of published nitrate d
15 N values of 2.3 ± 2.4% [Garten, 1992] , but lower values have also been recorded [Freyer, 1991] . Seasonal variability is partly responsible for the high standard deviation of N isotope ratios in atmospheric deposition and river nitrogen.
Budgets
[15] Isotope budgets provide independent verification of mass-based N budgets. The BP, including the costal strip, is treated as one major Baltic subregion by HELCOM, and we constructed four nitrogen budgets to evaluate input terms for this region. The budgets are based on the nitrogen inputs (Table 1) 
The index wmi represents the weighted mean N input and the index i refers to the d 15 N values of the different nitrogen sources and their amounts, respectively ( (Table 1) . To constrain the effects of single nitrogen sources, often not well known, on the weighted mean isotope balance, we calculated a weighted mean N (equation (5)) and changed individual inputs (scenarios 1 and 2, Table 3 ), or focused on individual regions (scenarios 3 and 4, Table 3 ). The first scenario was for the present input situation to the entire BP. Here all values from Table 1 were used except the ones from the Kemijoki, which drains into the Gulf of Bothnia. For river nitrate (139 ktons yr À1 ) we took the d 15 N value of the Vistula river. The second scenario was very similar to the first, but reduced by an estimated annual riverine DON input component, assumed to be 40% of total N [Stepanauskas et al., 1999] . A third scenario was calculated for the Pomeranian Bay with 74% of total nitrogen coming from the River Oder (scenario 2, Table 3 ), contributions from cyanobacteria were removed, and 20 ktons N yr À1 were assumed to come from atmospheric deposition [HELCOM, 1997] . A fourth scenario for the central BP only had no river N input, but did have input from both dinitrogen fixation and atmospheric deposition (Table 3) .
[16] An isotope model that balances source and loss terms to constrain the sediment denitrification and N fixation rates, respectively, has been developed by Brandes and Devol [2002] . Their approach solves two equations with six source and sink terms and examines the effects of variable estimates in denitrification and nitrogen fixation. We applied this approach to the isotope values and standard variations in Tables 2 and 3 . Enrichment factors e associated with sediment and water column denitrification were taken from Brandes and Devol [2002] : e = 3.5 ± 2% for sediment denitrification and e = 20 ± 3% for water column denitrification, respectively. In a second isotope budget the fractionation during water column denitrification was assumed to be lower, which is suggested by data of Eichner [2001] (Table 4) . She found approximately 5% difference between d 15 N-NO 3 in the oxic upper layer and the suboxic bottom layer where the denitrification occurs (Table 4) . Results for the first model run imply that a balanced budget requires a loss of $855 ktons N yr À1 to sediment denitrification (see Figure 8 in section 4.5). With a reduced water column fractionation factor we obtain an estimate of 580 ktons N yr À1 (Table 3 ). The overall loss apparently is even larger than that implied by the imbalance in nitrogen sources and sinks of 360 kton N yr À1 . (Figures 3 and 4) . The amount of explained variance during the winter and spring is 82% and 68% in the first mode, respectively. The corresponding time coefficients for all stations show a weak increasing trend in spring ( Figure 4b ) and no such trend in winter (Figure 3b ). Time coefficients for the GS stations show no trend (Figures 3c  and 4c) . Earlier investigations identified a positive trend in the nitrate concentrations by using a linear regression. Nehring [1984] analyzed surface water nutrient data from the central Baltic Proper only (January -March, 1969 -1983 . Because the observations during January and February were sparse and infrequent, the trend observed in his study may have been dominated by the March data. A careful consideration of Nehring's data shows more a regime shift than a trend in the early 1970s. Data presented by Nausch et al. [1999] are probably dominated by March and April values and indicate the same regime shift in the early seventies. In our investigation the regime shift occurs in winter values (December to January average) for the GS, and a weak trend emerges for the BP in spring (March to May average), similar to Nausch et al. [1999] (Figure 4b ). Contrary to nitrate concentrations, phosphate concentrations ( Figure 5 ) showed an increasing trend in the 1970s in the BP as well as in the GS (Figures 5b  and 5c ).
[18] The computed enthalpy from the 3-D circulation model run suggests distinctly higher heat contents in the GS than in other sectors of the Baltic Sea over the entire year. Most pronounced was the heating in summer (Figure 6 ), when even the coastal areas had lower enthalpy values. The temporal and spatial patterns of enthalpy are in accordance with the first EOF pattern of the stream function (Figure 7) . The stream function visualizes the current direction and speed integrated over the whole water column. Our model analysis implies that the open BP is an almost closed circulation cell (Figure 7) , which separates the central BP from the coastal areas and suggests minimal mass transport normal to the streamlines. This circulation cell is persistent throughout the year. The Baltic Proper is a small basin and therefore has a relatively short quasi-geostrophic adjustment time of a few hours. Only small amounts of riverine nutrients may be transported into the central basin by fluctuating wind fields during the spin-up time until quasi-geostrophic adjustment is reached. Another possibility for mass transport across streamlines might be ageostrophic flow due to baroclinic unstable waves or detached mesoscale eddies.
Discussion
[19] We base our analysis mainly on the regional differences in the d 15 N signature of surface sediments, which to us argue for isotopically distinct N sources and processes. To do this requires that we exclude biases on sedimentary isotope signatures caused by differing surface sediment age, and possible alteration of the isotopic fingerprint during and after deposition.
Surface Sediment Age
[20] Sediment age and hence the time-span that the isotopic signature represents is critical for the interpretation of the isotope pattern of the surface sediments. Some cores from coastal stations and the central basins have been dated by 210 Pb Kunzendorf et al., 1998; Struck et al., 2000; Voss et al., 2000; Voss and Struck, 1997] . In shallow water areas the dated cores usually do not have an undisturbed sedimentation history, but the upper 10-17 cm were likely deposited on a timescale of <50 years . Delta 15 N in suspended matter, in the bottom nepheloid layer and in surface sediments along a transect from the Oder river mouth toward the Arkona Basin were found to be very similar at each station, but were 
Alterations of the Isotopic Fingerprints
[21] Diagenetic changes may also bias the d 15 N in sediments. Evidence suggests that the diagenesis of sinking particulate matter and sediments is coupled to isotopic fractionation and that the isotopic effect may vary with the rates of sedimentation and early diagenetic conditions [Altabet et al., 1999; Lourey et al., 2003] . Experimental results have produced both enrichment and depletion of d 15 N during early diagenesis, and have emphasized the important role of redox conditions [Freudenthal et al., 2001; Lehmann et al., 2002] . Altabet et al. [1999] have estimated a diagenetic effect on d 15 N values of 3 -5% in deep sea sediments where sedimentation rates are low; on the other hand, there may be no effect on sediments in areas of moderate to high sedimentation rates. We have several reasons to believe that diagenesis does not bias the isotopic signature of surface sediments in the Baltic Sea. Data from sediment trap deployments in the Gotland Basin show that the flux-weighted average d 15 N of sinking particulate nitrogen in the Baltic Proper for the period 1995 to 1999 is that of surface sediment at the same site [Struck et al., 2004] . Second, the area of most depleted d 15 N in sediments of the Gotland Basin does not correspond to seafloor areas most frequently bathed in anoxic waters [Unverzagt, 2001] . Third, d 15 N in three sediment cores with oxic surfaces show no significant down core depletion; values remained almost constant around 4% through the upper 15 cm [Eichner, 2001] . Moreover, d 15 N of pore water ammonia and organic material of the GS of the cores showed no fractionation during degradation, and constant d
15 N values were found throughout the upper 20 cm of laminated cores [Eichner, 2001] . In coastal sediments from five sites along the Baltic coast a shift in d 15 N through the upper 10-30 cm was attributed to changes in anthropogenic nitrogen loads and not to diagenetic processes . We are therefore confident that the d Sediments from the open ocean show this relationship, when the mixed layer nitrate is fully consumed [Altabet et al., 1999] . Only when nitrate is partially consumed does the d 15 N of surface sediment incorporate this incomplete NO 3 utilization as a lower isotopic value than the NO 3 in the overlying water [Francois et al., 1992] . In the Baltic Proper, nitrate concentrations in winter (January and February) are 3 -5 mmol with a N/P ratio of 7 -9. When nitrate is fully consumed in the spring bloom, phosphate remains [Wasmund et al., 2001b] . In the northern part of the Bay of Gdansk, d 15 N-NO 3 values of 3.1 ± 0.8% have been found in March before the spring bloom. As a first approximation we therefore state that the d 15 N-NO 3 values in the mixed layer of the GS are similar to the mean sediment value in the BP of 3.5 ± 0.6%.
[23] The water column in the GS is highly stratified and has three distinct layers in summer: (1) warm surface waters with low salinity that extend down to the thermocline at 20-30 m depth, (2) a cold intermediate layer with low salinity from 30 to 80 m depth, termed winter water, and (3) a warm bottom layer with high salinity; this latter layer is frequently anoxic. Values for d 15 N-NO 3 À of 6-7% have been reported from the oxycline and À0.8 and 1.9% from the winter water [Eichner, 2001] . These data were gathered in October, and thus reflect DIN from degradation of cyanobacterial biomass produced in the preceding summer. The elevated d 15 N-NO 3 À values in the oxycline indicate water column denitrification. Denitrification occurs below the oxycline [Brettar and Rheinheimer, 1992] and should result in enriched d 15 N-NO 3 , because the isotope fractionation associated with the process is pronounced (up to 18% in oxygen minimum zones of the open ocean [Voss et al., 2001] ). Data from the Baltic Proper imply less fractionation, $5%. This may either be an expression of the close coupling between nitrification and denitrification [Brettar and Rheinheimer, 1991] or may be attributed to high NO 3 loss rates in the sediments .
[24] The pool of nitrate available at the onset of the spring bloom corresponds to the inventories of the water masses down to the halocline, which are mixed during fall and spring convection, as well as the degradation of cyanobacterial biomass produced during the previous summer. Struck et al. [2004] calculated, from sedimenting PN, that $50% of new production stems from cyanobacteria N input. Assuming 0.2% for Baltic Sea cyanobacteria from hand-picked colonies [Meyer-Harms et al., 1999] , and the resulting NO 3 from nitrification of cyanobacterial N, the remaining 50% of organic nitrogen must have a signature of 6.8%, a value surprisingly similar to the nitrate in the oxycline.
[25] When the depleted nitrate from the winter water and the enriched nitrate from the deep water mix equally, a value of $3% would be expected. Varying fractions from each source can produce heavier or lighter nitrate, but heavier values are more likely because nitrate with higher d 15 N is more concentrated (10 mmol versus 3 -4 mmol). Therefore cyanobacteria and atmospheric deposition presumably generate a low d 15 N value in nitrate (1.3% is the weighted mean for both sources, Table 1 ) that is subsequently enriched by the denitrification process.
[26] Nitrate from rivers like the Vistula can hardly contribute to the N pool in the GS, since river loads are significantly more enriched in 15 N than sinking particles [Struck et al., 2004] and surface water PN in the central Baltic Proper. Furthermore, if we make the simple assumption that a total input of 955 ktons N yr À1 is diluted to the volume of the Baltic Proper (13,000 km 3 [HELCOM, 2002] , an annual increase of 5.25 mmol NO 3 À in the water column would result which probably overestimates the true concentration since advection is not considered here. This increase has not been recorded, and winter NO 3 À concentrations have remained rather constant over the past decades. Nausch et al. [1999] describe an increase in the 1970s of $0.2 mmol yr À1 while our data analysis suggests no trend in nitrate concentrations.
[27] N fixation by cyanobacteria is a significant N input to the central Baltic Proper. The occurrence of cyanobacteria is a natural phenomenon as reported from long sediment cores [Bianchi et al., 2000] . The surplus of phosphate coupled with the complete consumption of DIN and elevated temperatures presumably results in optimal growth conditions for cyanobacteria. The enthalpy analysis of the model results points to consistently higher temperatures in the Gotland and Bornholm Sea than in the coastal rim, a situation also favorable for stratification and the growth of cyanobacteria [Wasmund, 1997] . Observations of increased bloom activities since the 1960s are in accordance with this scenario [Finni et al., 2001] . Cyanobacteria biomass is remineralized and the resulting nitrate captured in the closed circulation cell. Some of the annually fixed nitrogen must be lost through denitrification since the estimated 370 kt yr À1 [Wasmund et al., 2001b] do not appear in the nitrogen pool of the BP as reflected in the long-term monitoring data (neither in winter nor in spring). Therefore N fixation and denitrification are apparently balanced on timescales of years. [29] Delta 15 N-NO 3 values of >8% characterize nitrate sources from the east coast of North America that are attributed to sewage input [McClelland and Valiela, 1998b] . Along the Baltic Sea coast, similar values from sediments are related to agricultural runoff . The rivers Oder and Vistula contribute 23% of all river DIN to the Baltic Sea [Grimvall and Stalnacke, 2001; HELCOM, 2004] and have PN and DIN isotope values of 8.4 and 10.0%, respectively. PN may directly sink to the seafloor while DIN is converted to phytoplankton biomass in the river plumes. Both are included in the near-bottom fluffy layer and the surface sediments [Emeis et al., 2002] . The river d 15 N values are rapidly diluted toward the BP, as shown for the two river-basin systems.
[30] The Bay of Gdansk receives its highest inflow from the Vistula in March/April, when the spring bloom also develops [Pastuszak, 1995] . Most of the nutrients are consumed close to the outflow, and the remaining nitrate is transported with the mean circulation along the shore. Nitrate concentrations decrease rapidly offshore from almost 100 mmol to 4.55 mmol in less than 10 nautical miles. To the east the river plume is detectable farther away with nitrate concentrations of 32-68 mmol $30 nautical miles away from the river mouth [Pastuszak, 1995] . Similar conditions were found for the Pomeranian Bay by means of models [Fennel and Neumann, 1996] , stable isotope data [Voss and Struck, 1997] , satellite images [Siegel et al., 1996] , and ship-borne near-bottom measurements [Emeis et al., 2002] . All investigations show that the propagation of the river plume depends largely on the wind direction. Prevailing westerly and southwesterly winds result in a coastal jet along the shore that transports the Oder River plume eastward as far as the Bay of Gdansk [Siegel et al., 1996] and the Vistula plume toward the Curonian Lagoon. Stream functions from the 3-D model simulations support the existence of a coastal jet that has little exchange with the open Baltic Proper.
[31] In both systems, the nutrient N/P ratios decrease offshore from >20 to 7 -9 in the GS [Wasmund et al., 2001a] . Hence nitrogen seems to be lost disproportionately from the water during its passage. The only known 
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VOSS ET AL.: NITROGEN CYCLE OF THE BALTIC SEA efficient process to accomplish such a shift would be denitrification in the sediments since the water is usually well oxygenated. The shallow bights in the western and southern Baltic Sea are covered by sandy sediment [Repecka and Cato, 1998] . Hydrodynamic forces at shallow water depth coarsen this sediment type and produce highly permeable sands with low organic contents. Such deposits have been shown to be efficient filters for POM and to accelerate mineralization and nutrient recycling [Huettel and Rusch, 2000] . Nitrification processes are enhanced [Ehrenhaus et al., 2004] , and conditions may also allow efficient denitrification, as measurements in Kiel Bight suggest [Kähler, 1991] . Furthermore, sediment denitrification does not leave an imprint on the isotopic signature Devol, 1997, 2002] , a result confirmed by this study. Recently, Lehmann et al. [2004] described little efflux of isotopically depleted nitrate from nitrification in sediments. Thus nitrate may be retained or lost in the sandy areas receiving most of the riverborne anthropogenic nutrient discharges in the southern Baltic Sea, though the phosphate reaches the GS where it can foster blooms of cyanobacteria. An aggregate-rich benthic boundary layer may be a major PO 4 transport mechanism to the offshore basins [Emeis et al., 2002] .
[32] Sediments in the Gulf of Bothnia are isotopically similar to those in the BP. The region is oligotrophic, strongly P limited due to the large number of pristine rivers draining into it [Humborg et al., 2003] 15 N -PN data from the river Kemijoki are 0.6 ± 1.1% and 2.9 ± 2.1%, respectively, with almost 6 times more PN than nitrate. An investigation of the isotope signature of 11 POM size classes gave 0 and 4% for the small classes at the base of the food chain , a range confirmed by our study.
[33] Sediments in the Kattegat and Belt Sea have elevated d
15 N signatures that are comparable to the ones along the coasts. Eutrophication has been documented, for example, for the Mariager Fjord in northern Denmark. Over the years it has received an extremely high nitrogen load from riparian fields and meadows [Fallesen et al., 2000] . A stable nitrogen isotope investigation in the fjord revealed d 15 N of up to 10% in the inner fjord and 5.2% where the fjord mixes with the Kattegat waters [Deutsch, 2001] .
Isotope Budgets
[34] By means of four weighted isotope input budgets, we aim to evaluate the importance of the different nitrogen sources (river, atmospheric deposition, cyanobacteria) for the annual average input of PN that is deposited in the sediments of the BP (Table 3 ). The first two scenarios address the whole BP and do not consider differences between coastal and central BP. The first scenario resembles the present situation. It results in 3.8% for total nitrogen in the BP, a value lower than the actual sediment data. The overall average of surface sediment d 15 N is 5.30% and thus 1.65% larger. The reason may be that scenario 1 does not consider the process of water column denitrification that leads to enriched d 15 N-NO 3 values; it therefore underestimates the averaged d 15 N value of PN produced and accumulating in sediments.
[35] An unknown contribution stems from DON which can comprise up to 40% of the river nitrogen load [Stepanauskas et al., 1999] . We therefore subtracted 40% of the total riverine N load in our second scenario but found no significant change in the weighted d 15 N input (Table 3) . This result is supported by the data from the Gulf of Bothnia, where no correlation between salinity and the nitrogen isotope signatures of the plankton was found . However, because DON may have the same isotope signature as DIN, we cannot fully exclude the role DON uptake may play in the freshwaterdominated Gulf.
[ 15 N values in the central BP. However, this is lower than the value for accumulated sediments by 1.7%, and this may be because the isotopic enrichment by denitrification was not considered and/or because some of the isotopically enriched riverine nitrogen may indeed reach the BP. To explore this further, we used the isotope budget approach by Brandes and Devol [2002] to balance input and output. We used this model with our best estimates of inputs and output (Tables 1 and 4 ) to quantify the largest unknowns in the nitrogen budget of the Baltic Sea, sediment denitrification and nitrogen fixation, because they have the most pronounced effect on the overall budget. Our calculations use enrichment factor of e = 27% for water column denitrification [Brandes and Devol, 2002] that initially prescribes À20% for the lost nitrate and e = 1.5% for sediment denitrification which results in high annual denitrification rates/N-fixation of 855 ktons N (Figure 8 ). Conversion of 855 ktons N to daily denitrification rates for the coastal area shallower than 20 m water depth (190,000 km 2 ) results in 881 mmol N m À2 d À1 . This is a high value that nevertheless corresponds to rates of up to 700 mmol N m À2 d À1 measured in the Gulf of Finland [Tuominen et al., 1998 ].
[37] Making the assumption that water column fractionation is smaller in the Gotland Sea (e = À8) and the lost nitrate is enriched by only À5% (as suggested by Eichner [2001] ), the major importance of this process for the overall isotope signature becomes evident. The annual sink and source terms decrease to 580 ktons N yr
À1
. This is closer to the best estimate of annual fixation of 370 ktons N [Wasmund et al., 2001b] or annual denitrification of 470 ktons N [Shaffer and Rönner, 1984] . We assume that the water column denitrification is the least confined term in the nitrogen budget. However, we cannot constrain the N fixation or loss better without improved fractionation factors for water column denitrification. A more complete analysis of the nitrogen cycle in the Baltic Sea has to await experiments with an ecosystem model that includes nitrogen isotope fractionation processes.
[38] Our results may have significant implications for environmental management strategies in the Baltic Sea and other coastal environments. They imply that riverine discharge of nitrogen has only weak effects on nutrient levels of the open Baltic Sea, and may not be responsible for observed changes in the trophic state of the ecosystem in the BP. Our data suggest that less than 15% of DIN in the central Baltic Sea is derived from riverine discharge (Table 1) , a contribution that is easily within the interannual variability of nitrogen fixation. Together with results that suggest significant natural causes for elevated phosphorus levels (due to remobilization of P from anoxic sediments) Conley et al., 2002] , natural fluctuations may be largely responsible for the ecological status of the open BP.
Conclusions
[39] To reproduce the nitrogen stable isotope patterns found in surface sediments of the Baltic Sea, assuming that they reflect the mean d 15 N, requires that nitrogen fixation by diazotrophic cyanobacteria is in the range reported by Wasmund et al. [2001b] and Larsson et al. [2001] and smaller than that estimated by Schneider et al. [2003] . In addition, the data and the coupled mass and isotope balance of the Baltic Proper suggest that the BP is separated into two subsystems (coastal rim and the central BP/GS, Figure 9 ) with limited DIN exchange. Coastal eutrophication is indeed driven by river nutrients (mostly nitrate but also phosphate) [Savchuk and Wulff, 1999] , whereas eutrophication in the open Baltic Sea apparently is dominated by excess phosphate (of riverine and sedimentary origin) driving nitrogen fixation by cyanobacteria. River nitrogen with high d 15 N is essential for the generation of coastal sediment isotope signatures and accounts for almost all of the nitrogen in sediments, while in the GS, cyanobacteria deliver at least 50% to the nitrogen pool in the sediments. 
